von Hippel-Lindau disease is an autosomal-dominantly inherited cancer syndrome caused by the inheritance of a mutated allele of the von Hippel-Lindau tumor suppressor gene. Afflicted individuals are predisposed to develop retinal angioma, central nervous system hemangioblastoma, pheochromocytoma, and renal clear cell carcinoma (RCC) (8, 20, 42, 46) . Tumors arise from cells in which the remaining wild-type allele encoding the von Hippel-Lindau tumor suppressor protein (VHL) acquires a somatic inactivating mutation. Biallelic VHL gene defects are also found in the vast majority of sporadic cases of RCC, the most common type of kidney cancer in humans (17, 21) . In agreement with the postulated gatekeeper tumor suppressor function of VHL, reintroduction of the VHL gene into VHL Ϫ/Ϫ RCC cells reverted their tumorigenic phenotype in a nude mice assay (31) .
The VHL gene contains three exons and is transcribed into a 4.4-kb mRNA expressed in all tissues and cells examined thus far. The VHL mRNA harbors two in-frame start codons that produce proteins of 213 and 160 amino acids, respectively (4, 30, 60) . The 213-and 160-amino-acid proteins display similar biochemical properties and for the sake of simplicity, both forms will be hereafter referred to as VHL. Crystal structure analysis has revealed that VHL essentially consist of two domains: a ␤-domain that spans residues 63 to 154, and an ␣-domain that encompasses residues 155 to 189 (63) . VHL associates with at least four other partners: elongin B, elongin C, Cullin-2, and Rbx1 (VBC/Cul-2) (13, 14, 37, 39, 48, 54) . Structural homology between elongin C and Cullin-2 with two components of the SCF CDC4 yeast E3 ubiquitin-ligase complex SKP1 and CDC53, respectively, have led to the hypothesis that VBC/Cul-2 plays a role in protein ubiquitination (22, 39, 54, 55) . E3 ubiquitin-ligases are part of a multiprotein pathway, including E1 ubiquitin-activating enzymes and E2 ubiquitinconjugating enzymes, involved in conjugating ubiquitin to specific substrate proteins (27) . Ubiquitinated proteins are subsequently targeted to the 26S proteasome complex for degradation. It was shown that VBC/Cul-2 could act as an E3 ubiquitin-ligase in vitro and in vivo (6, 33, 47, 52) .
E3 ubiquitin-ligases provide the specificity to the degradation process by targeting specific proteins for ubiquitination. VHL acts as the particle recognition protein of VBC/Cul-2 by promoting the recruitment of the alpha subunits of hypoxiainducible factor (HIF-␣) for Cullin-2-mediated ubiquitination (6, 11, 38, 50, 52, 64) . The HIF transcription factor is a heterodimer of the beta and alpha subunits. Whereas HIF-␤ is always present in cells, the HIF-␣ subunits only accumulate under conditions of low-oxygen tension (hypoxia) (35, 61) . There are three HIF-␣ isoforms: HIF-1␣, HIF-2␣, and HIF-3␣ (25, 26, 36, 40) , although only HIF-1␣ and HIF-2␣ have been shown so far to bind to VHL (HIF-1␣ and HIF-2␣ are referred to here simply as HIF-␣, except as noted). HIF-␣ contains the oxygen-dependent degradation (ODD) domain, which binds to the ␤-domain of VHL. The ODD domain is hydroxylated at a specific prolyl residue (proxylation) under normal oxygen tension by enzymes called prolyl hydroxylase (7, 15) . This posttranslational modification increases the affinity of HIF-␣ toward the ␤-domain of VHL (15, 32, 34, 49, 67) . Proxylation does not occur in hypoxia, or in the presence of HIF-specific prolyl hydroxylase inhibitors, and HIF-␣ is stabilized since it does not assemble with VHL and consequently fails to undergo ubiquitination.
Ubiquitin-dependent protein degradation plays a key role in multiple biological processes, including signal transduction, cell cycle progression, and transcriptional regulation. It is becoming increasingly evident that ubiquitin-proteasome-mediated degradation of nuclear substrate proteins requires nuclear-cytoplasmic trafficking of both the E3 ubiquitin-ligase and the substrate protein (5, 59) . One example is the p53 tumor suppressor protein, whose proteasomal degradation is mediated by the Hdm2 oncoprotein (9, 18, 41, 45, 51, 53, 56, 66) . Recent data has shown that Hdm2 consistently shuttles between the nucleus and the cytoplasm, a phenomenon required for efficient degradation of p53. The cyclin-dependent kinase inhibitor p27
Kip1 is another nuclear protein that requires nuclear export for proteasomal degradation (65) . Nuclear export of p27 is mediated by Jab1, and mutant p27 that fails to assemble with Jab1 is neither exported nor destroyed. The proteasomal degradation of Smad3, a transcription factor induced by transforming growth factor ␤, requires the Cullin-1-containing ROC1-SCF Fbw1a E3 ubiquitin-ligase-mediated nuclear export (19) . Likewise, the aryl hydrocarbon receptor (Ahr), a protein that shares structural and functional similarities with HIF-␣, contains a classical, leucine-rich, nuclear export signal (NES) (16) , which is required for cytoplasmic degradation (12) . Leptomycin B, a drug that abolishes the activity of classical NES, prevents degradation of Ahr, as well as p27 and p53, by impeding NES-mediated nuclear export. These data support the proposed model that nuclear substrate proteins must undergo nuclear export for efficient degradation. However, the exact mechanisms by which these nuclear substrates are ubiquitinated and subsequently exported for degradation still remains unknown.
We reported that VHL localizes predominantly to the cytoplasmic compartment but engages in a dynamic nuclear-cytoplasmic shuttle (43, 44) . In vitro studies revealed that nuclear export of VHL requires ATP hydrolysis and is Ran dependent (24) . VHL nuclear export occurs through a different pathway from that utilized by the classical NES-bearing proteins since it is insensitive to leptomycin B. However, drugs that abolish ongoing RNA polymerase II activity cause a marked redistribution of VHL to the nucleus by impeding nuclear export (44) . The recent demonstration that the Cullin-1-containing SCF Fbw1a -E3 ubiquitin complex must shuttle to mediate degradation of nuclear Smad3 has led us to hypothesize that transcription-dependent nuclear-cytoplasmic trafficking of the Cullin-2-containing VBC/Cul-2 E3 ubiquitin-ligase might also be required for oxygen-dependent ubiquitination and degradation of its nuclear HIF-␣ substrates.
Here, we link the previously described ability of VHL to shuttle between the nuclear and cytoplasmic compartments with the ubiquitination and degradation of HIF-␣. VHL engages in a constitutive shuttle between the nucleus and the cytoplasm. Upon exposure of cells to normal oxygen tension, VHL mediates ubiquitination of HIF-␣ in the nuclear compartment prior to its exportation to the cytoplasm. Ubiquitination and nuclear export of HIF-␣ can be abolished by treatment with dimethyl-oxalylglycine (DMOG), a specific inhibitor of HIF prolyl hydroxylase. Nuclear export of HIF-␣ can be abated by inhibitors of RNA polymerase II activity, and this is correlated with a marked increase in the HIF-␣ half-life. The results presented here support a model by which VBC/Cul-2-mediated ubiquitination of HIF-␣ and its subsequent degradation is dependent upon dynamic nuclear-cytoplasmic trafficking of the E3 ubiquitin-ligase, as well as the substrate protein HIF-␣.
MATERIALS AND METHODS
Cell culture, adenoviral infections, drugs, and hypoxia treatment. The 786-0 (VHL Ϫ/Ϫ ) renal clear cell line (i.e., the RCC cells) and the HeLa cells were obtained from the American Type Culture Collection (Manassas, Va.). The VHL-green fluorescent protein (GFP) cell line corresponds to VHL Ϫ/Ϫ RCC 786-0 cells stably transfected with a FLAG-tagged VHL-GFP fusion protein as described elsewhere (44) , and the WT-7 cell line corresponds to 786-0 cells stably transfected with hemagglutinin (HA)-tagged VHL, a kind gift of William Kaelin, Harvard University. Mouse embryonic fibroblasts nullizygous for HIF-1␣ were a kind gift from R. S. Johnson (Department of Biology, University of California, San Diego) (57) . Cells were maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 10% (vol/vol) fetal calf serum (FCS) in a 37°C, humidified 5% CO 2 atmosphere incubator. Proteasome inhibitor treatment was performed by using calpain inhibitor I (Alln; Sigma) or MG132 (Calbiochem) to final concentrations of 100 and 10 M, respectively, in the culture medium for 2 h before the cells were harvested. Actinomycin D (ActD) and 5,6-dichlorobenzimidazole riboside (DRB) were used at final concentrations of 10 and 25 g/ml, respectively, for the indicated time. Hypoxia treatment was performed in a hypoxic chamber with 1% O 2 atmosphere and tempered at 37°C. DMOG (a kind gift of Imre Schlemminge, Oxford University) was used at a concentration of 1 mM for the indicated time.
Expression vector and constructs. The human VHL cDNA, which codes for a 213-amino-acid VHL protein, was subcloned into pcDNA3.1(Ϫ) vector (Invitrogen). A Flag epitope tag (DYKDDDDK) was added to the N terminus of the VHL cDNA open reading frame. A cDNA coding for an enhanced fluorescence version of GFP (Fred25 [62] ) was subcloned at the C terminus of VHL to produce the Flag-VHL-GFP fusion protein. VHL proteins lacking the last 56 amino acids (⌬E3), lacking amino acids 114 to 154 (⌬E2), and lacking amino acids 64 to 113 were fused to the N terminus of GFP to produce the ⌬E3-GFP, ⌬E2-GFP, and ⌬64-113-GFP fusion protein, respectively. The enhanced fluorescence version of GFP cDNA was inserted in-frame at the N terminus of a human HIF-1␣ cDNA to produce the GFP-HIF-1␣ fusion protein. All constructs were verified by standard DNA sequencing.
Construction of adenovirus through Cre-lox recombination. CRE8 and 293 cells were obtained from David Park (University of Ottawa, Ottawa, Ontario, Canada) and cultured in DMEM with 10% FCS. The construction and properties of CRE8 cells are described elsewhere (10) . The pAdlox vector and the 5 viral DNA were also obtained from David Park. The GFP-HIF-1␣ construct, as well as Flag-VHL-GFP and GFP, were subcloned into pAdlox vector. Transfections were done according to Graham and van der Eb (23) . Typically, a confluent 10-cm-diameter dish of CRE8 cells (1.6 ϫ 10 7 ) was split into 5-to 6-cm-diameter dishes for transfection 2 to 4 h later. Each dish received 3 g of pAdlox vector containing the foreign VHL construction and 3 g of 5 viral DNA in a final volume of 0.5 ml of CaPO 4 , which was applied to the cells for 16 h. The 10% FCS-DMEM was replaced with 2% FCS-DMEM 16 h after the transfection. Cells were fed with fresh 2% DMEM after 64 h. Cells were harvested and subjected to freeze-thawing three times with an alternating liquid N 2 -37°C water bath at 8 to 10 days postinfection. Plaque purification assays were performed on all viruses prior to CRE8 amplification.
In vitro binding assay. VHL Ϫ/Ϫ RCC cells infected with the adenovirusexpressing GFP-HIF-1␣ (adGFP-HIF-1␣) were washed with ice-cold phosphate-buffered saline (PBS), scraped, and lysed in ice-cold buffer containing 100 mM NaCl, 0.5% Igepal CA630, 20 mM Tris-HCl (pH 7.6), 5 mM MgCl 2 , and 1 mM sodium orthovanadate with a cocktail of protease inhibitor [2 g of leupeptin/ml, 2 g of aprotinin/ml, 1 g of pepstatin A/ml, and 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride]. Cell lysis was performed for 1 h in a tumbler at 4°C.
The adGFP-HIF-1␣ lysates were cleared by centrifugation (10,000 ϫ g) for 15 min at 4°C and had a protein concentration of ca. 5 g/l. Cell lysates (250 g) of adGFP-HIF-1␣ were mixed with 50 l of reticulocyte lysates programmed with pcDNA vector alone, expressing VHL-GFP or the different VHL deletion mutants produced by using the T7 promoter. The binding assay was performed in a total volume of 1 ml for 1 h in a tumbler at 4°C with anti-FLAG M2 beads (Scientific Imaging Systems, Eastman Kodak Co.) The beads were washed several times, eluted with 4ϫ sodium dodecyl sulfate (SDS)-protein loading buffer, boiled for 5 min, and loaded onto a SDS-8% polyacrylamide gel electrophoresis (PAGE). The proteins were transferred on polyvinylidene difluoride membranes by standard methods. Blots were blocked with 3% milk powder in PBS containing 0.2% Tween 20 and were incubated in the presence of anti-HIF-1␣ (Transduction Laboratories) and anti-FLAG M2 monoclonal antibody (Sigma) or an anti-HIF-2␣ rabbit polyclonal antibody (Novus Biologicals).
Subcellular fractionation. Cells were grown to confluence and treated as desired, and fractionation was performed in normoxic conditions or in the hypoxia chamber by using deoxygenated buffers. Cells were washed in cold PBS and scraped in transport buffer containing 20 mM HEPES (pH 7.3), 110 mM potassium acetate, 5 mM sodium acetate, 2 mM magnesium acetate, 1 mM EGTA, 2 mM dithiothreitol, and a cocktail of protease inhibitor (see in vitro binding assay). Cells were left on ice for 2 min to equilibrate in the buffer before the addition of 50 g of digitonin/ml. Permeabilization was performed for 5 to 7 min on ice with gentle shaking and was monitored by fluorescence microscope with Hoechst stain 33258, which only stained the nucleus of permeabilized cells. Permeabilization reaction was stopped when Ͼ99% of cells displayed stained nuclei. Permeabilized cells were then centrifuged at 800 ϫ g to separate the nuclear fraction (pellet) from the cytosolic fraction (supernatant). The nuclei were washed in transport buffer containing the protease inhibitor cocktail, and the cytosolic fraction was recentrifuged to eliminate the remaining nuclei. The total fraction was prepared with the same amount of cells as those taken for fractionation. Cells of the total fraction and nuclear-cytosolic fractions were resuspended in an equal volume of lysis buffer or SDS loading buffer. An equal volume of each fraction was subjected to immunoprecipitation or SDS-PAGE analysis and Western blotting.
Immunoprecipitations. Cells lysates and immunoprecipitations were performed in atmospheric oxygen for the normoxic experiments or strictly restricted to the hypoxia chamber for the hypoxic experiments. For immunoprecipitation of Flag-VHL-GFP, M2 beads were added to cell lysate containing ca. 1 mg. After 1 h of incubation at 4°C in a tumbler, the beads were washed several times, eluted with 4ϫ SDS-protein loading buffer in normoxia or hypoxia, and then boiled for 5 min before undergoing SDS-8% PAGE. Western blots were performed with the indicated antibodies. For the capture of ubiquitinated proteins, GST-S5a-Agarose beads (Affiniti) were used to capture polyubiquitinated proteins. The cell lysates were prepared in a lysis buffer containing 20 mM Tris-HCl (pH 7.5), 5% (vol/vol) glycerol, and 0.1% Triton X-100, with 2 g of leupeptin, 2 g of aprotinin, and 1 g of pepstatin A/ml and 1 mM 4-(2-aminoethyl) benzene sulfonyl fluoride. The beads were washed several times and eluted with 4ϫ SDS-protein loading buffer prior to Western blotting with the indicated antibodies.
Immunofluorescence. HeLa cells were plated at 50% density on coverslips. Cells were incubated for 8 h in hypoxia (1% oxygen). ActD (10 g/ml) was added 2 h prior to the return to normoxia. Cells were fixed with 1% formaldehyde-PBS for 20 min prior to a 1-h incubation with 1 g of an anti-HIF-1␣ antibody/ml diluted in PBS-1% Triton-10% FCS. Cells were washed in PBS several times before and incubation with an anti-mouse Texas red-labeled secondary antibody. Coverslips were mounted on slides with Fluoromount.
Fluorescence analysis and image processing. GFP fluorescence images were captured by using a Zeiss Axiovert S100TV microscope with a C-Apochromat ϫ40 water immersion objective lens, equipped with an Empix digital chargecoupled device (CCD) camera, and assessed by using Northern Eclipse software. The images were manipulated and quantified with Northern Eclipse, NIH Image, and Adobe PhotoShop software as described elsewhere (44) . GFP images were always taken before Hoechst images to minimize any possible bleaching effect. Image manipulation and nuclear-cytoplasmic ratios were calculated as previously described (44) . Briefly, total cellular signal was measured by multiplying the area of the cell by the integrated pixel intensity within the cell and subtracting the background value obtained from a cell-free region of the image. The nuclear signal was obtained by measuring the pixel intensity of the nucleus subtracted by the mean background and then multiplying this value by the area of the nucleus. The cytoplasmic signal was obtained by subtracting the total signal minus the nuclear signal. Finally, the nuclear-cytoplasmic ratio corresponded to the nuclear signal divided by the cytoplasmic signal. All measurements were performed well under the saturation limits, even though some of the pictures might appear to be saturated. The advantage of measuring nuclear-cytoplasmic ratios is that the obtained values are independent of subsequent manipulations of the original images, which are done for presentation purposes. 
RESULTS

Characterization of adGFP-HIF-1␣ fusion protein.
One of the inherent difficulties in studying the ubiquitination and degradation mechanisms of HIF-␣ is that these molecules have a very short half-life in normoxia (29) . This renders the detection of HIF-␣ at steady state practically impossible without the use of proteasome inhibitors or mutant cell lines. To circumvent this problem, we generated an adenovirus that expresses a GFP fusion to the HIF-1␣ subunit (adGFP-HIF-1␣, Fig. 1A ). The GFP-HIF-1␣ fusion protein was reported to be a functional fusion protein in different biochemical assays (64) . VHL Ϫ/Ϫ RCC cells and VHL(ϩ) cells can be infected to high efficiency with an adenovirus. At a low multiplicity of infection (MOI), i.e., two to three viral particles/cell, the adenovirusproduced GFP-HIF-1␣ shared similar biochemical characteristics with endogenous HIF-1␣ in that it was rapidly degraded in an oxygen-, VHL-, and ubiquitin-proteasome-dependent manner (Fig. 1B) . The adGFP-HIF-1␣ bound to VHL but not to VHL ␣-and ␤-domain mutants prepared by in vitro translation (Fig. 1C) . The fusion protein was detectable in normoxic VHL(ϩ) cells infected with increasingly higher titers of adGFP-HIF-1␣ (Fig. 1D , top panel, lanes 2 to 6), indicating that VHL-mediated ubiquitination and degradation of HIF-␣ can be saturated. Hypoxic VHL(ϩ) cells were also infected with increasingly higher titers of adGFP-HIF-1␣, although we used five times less MOI than for normoxic VHL(ϩ) cells (Fig.  1D , top panel, lanes 7 to 11). This resulted in normoxic and hypoxic VHL(ϩ) cells producing similar amounts of adGFP-HIF-1␣ at steady state. Immunoprecipitation of VHL from a cell line stably expressing VHL-GFP revealed that VHL-GFP/ adGFP-HIF-1␣ complexes were prevalent in normoxic cell lysates compared to hypoxic cell lysates (Fig. 1D , two bottom panels). These results show that adGFP-HIF-1␣ in vivo and in vitro ubiquitination and degradation are mediated by VHL and regulated by oxygen tension, thus sharing the previously described characteristics of HIF-1␣. These results also confirm that adGFP-HIF-1␣ can be used as a tool to investigate mechanisms of ubiquitination and degradation in normoxic VHLcompetent cells without the use of drugs or mutant cell lines.
Subcellular localization and trafficking of VHL and adGFP-HIF-1␣ are independent from each other. To determine the subcellular localization of adGFP-HIF-1␣, we first examined its distribution in living cells by fluorescence microscopy, depending upon oxygen availability and VHL status. The fusion protein was found exclusively in the nucleus of VHL Ϫ/Ϫ RCC cells, whereas it was undetectable in VHL-positive cells infected at a low infection ( Fig. 2A , first row). The addition of proteasome inhibitor (MG132) to infected normoxic VHL(ϩ) cells, or incubation in hypoxia, resulted in the stabilization and nuclear accumulation of adGFP-HIF-1␣ ( Fig. 2A , second and third rows, respectively). The fusion adGFP-HIF-1␣ was found exclusively in the nucleus of normoxic VHL Ϫ/Ϫ RCC and VHL(ϩ) cells infected with 10-fold (data not shown)-to 100-fold ( Fig. 2A , fourth row)-higher MOIs. Similar data were obtained in other VHL-competent cell lines, including HeLa, NIH 3T3, 293, and Cos-7 cells (data not shown). These results demonstrate that HIF-1␣ nuclear localization is constitutive, independent of VHL status or of oxygen availability. Nuclear targeting of HIF-1␣ is also highly efficient since we failed to saturate the import mechanisms even with high excess of importable HIF-1␣ cargo.
There is a striking difference between the steady-state localization of HIF-1␣ and VHL-GFP, whose localization is mostly cytoplasmic at steady state ( Fig. 2Ba and b) . VHL-GFP subcellular localization was unaffected by oxygen tension (Fig. 2Ba to d) and occurred in cells that do not express substrate HIF-1␣ ( Fig. 2Ca and b) . Previously published data demonstrated that VHL and the VBC/Cul-2 complex accumulated in the nuclear compartment upon addition of RNA polymerase II inhibitors, such as ActD (24, 44) . ActD-induced nuclear accumulation of VHL-GFP occurred regardless of oxygen tension ( Fig. 2Ce to h ) and in the absence of HIF-1␣ ( Fig. 2Cc and d) . However, it remained unclear whether the substrate HIF-1␣ had any effect on the subcellular localization of its E3 ubiquitin-ligase under conditions in which binding and ubiquitination would be expected to occur. Therefore, we sought to determine whether overexpression of adGFP-HIF-1␣ in normoxic VHL-positive cells would affect VHL steady-state distribution. VHL-positive cells were either infected with adGFP or infected with adGFP-HIF-1␣. VHL subcellular distribution was monitored by biochemical fractionation by using a method based on the digitonin-permeabilization system previously described by our group (24) . We used this method for the subcellular fractionation since it is a rapid, easy, and highly repro- Fluorescence analysis of HIF Ϫ/Ϫ mouse embryonic fibroblasts expressing VHL-GFP in normoxia or hypoxia (4 h) in the absence or the presence of ActD (10 g/ml) for 2 h. (D) Digitonin-permeabilization system to achieve nuclear-cytoplasmic fractionation of cells. VHL-GFP-expressing VHL Ϫ/Ϫ RCC cells were either not treated (a and b and, at a higher magnification, e and f) or treated for 5 min with 50 g of digitonin/ml (c and d and, at a higher magnification, g and h) and observed for GFP fluorescence (a, c, e, and g) or for cell-impermeable Hoechst stain 33258. Notice the complete loss of cytoplasmic VHL-GFP signal but the retention of nuclear signal in digitonin-treated cells and that essentially all of the nuclei of permeabilized cells have been stained with Hoechst. Panels j to l show that nuclear adGFP-HIF-1␣ remains in the nuclear compartment after digitonin treatment. (E) VHL steady-state localization is independent of levels of adGFP-HIF-1␣ in normoxic cells. VHL(ϩ) cells were either infected with GFP adenovirus or with high levels of adGFP-HIF-1␣ virus. Biochemical subcellular fractionation was performed with the digitonin system to obtain total (T), nuclear (N), and cytosolic (C) fractions, which were analyzed by Western blot with anti-M2 and anti-HIF-1␣ antibody. A negative control is present in the first lane and represents VHL Ϫ/Ϫ RCC infected with GFP virus. 2Db and d and, at a higher magnification, in Df and h). The fusion protein adGFP-HIF-1␣ remained in the nucleus after digitonin fractionation (Fig. 2Di to l) . Experiments were conducted only when Ͼ99% of the cells displayed Hoechst-stained nuclei. Using these conditions, histone H1 was detected exclusively in the nuclear fraction (data not shown); other quality controls for this fractionation procedure have already been published (24) . Western blotting revealed that ca. 10% of the VHL-GFP localizes to the nuclear fraction, whereas 90% was found in the soluble cytosolic fraction (Fig. 2E , bottom panel, lanes 2 to 4), a finding consistent with CCD image analysis of the subcellular distribution of VHL-GFP in living cells (44) .
Signal for adGFP-HIF-1␣ was essentially restricted to the nuclear compartment (Fig. 2E , top panel, lanes 5 to 7), a finding consistent with data shown in Fig. 2A and Di to l. Total levels of cellular VHL-GFP, as well as its steady-state distribution, remained unchanged regardless of the cellular levels of adGFP-HIF-1␣ (Fig. 2E , bottom panel, lanes 2 to 7) even in conditions of normal oxygen tension. Taken together, these results demonstrate that VHL-GFP engages in a constitutive transcription-dependent nuclear-cytoplasmic shuttle insensitive to the relative levels of substrate HIF-1␣ and oxygen tension. Ubiquitination of HIF-1␣ occurs in the nuclear compartment. It is well known that HIF-␣ accumulates in the nuclear compartment of hypoxic cells (28, 58 ) (Fig. 3A) . According to our quantitative digital imaging analysis, ca. 10 to 12 molecules of HIF-1␣ reside in the nuclear compartment for one molecule in the cytoplasm ( Fig. 3A ; see also Materials and Methods) at steady state in hypoxic cells. HIF-1␣ is very rapidly degraded upon reoxygenation of hypoxic HeLa cells (28) , with a half-life of ca. 90 s (Fig. 3B) with the concomitant appearance of higher-molecular-weight bands reminiscent of ubiquitinated forms of HIF-␣ (ub-HIF-␣). Since HIF-␣ resides in the nuclear compartment of hypoxic cells, we first sought to determine whether its ubiquitination occurred in the nuclear compartment or whether HIF-␣ undergoes nuclear export prior to cytoplasmic ubiquitination. To identify the subcellular site of ubiquitination of HIF-␣, HeLa cells were incubated in hypoxia for 8 h, a condition in which endogenous HIF-1␣ accumulated almost exclusively in the nuclear compartment (Fig. 3A and C, lanes 1,  4, and 7) . Hypoxic HeLa cells were transferred to an oxygenated environment at 37°C for 1 and 3 min to mimic the physiological conditions in which stabilized HIF-␣ is rapidly degraded. Ice-cold PBS was added to the cells, and subcellular fractionation was performed by digitonin treatment, as described in Fig. 2D and E, at 4°C, followed by the addition of equal volumes of 4% SDS to avoid any further in vitro ubiquitination or degradation reactions. Equal volumes of the subcellular fractions were subjected to SDS-PAGE. Western blot analysis revealed the presence of slower-migrating HIF-1␣, most likely ub-HIF-1␣, exclusively in the nuclear fractions 45 to 60 s after reoxygenation (Fig. 3C, lanes 2, 5, and 8) . The high-molecular-weight bands were more pronounced 3 min after reoxygenation, but these bands were still restricted to the nuclear compartment (Fig. 3C, lanes 3, 6, and 9) . A reproducible increase in the cytosolic HIF-␣ was also detected upon reoxygenation, but we failed to notice high-molecular-weight HIF-␣ even after longer exposure of the autoradiogram. To further support the claim that the high-molecular-weight bands consisted of ub-HIF-1␣, subcellular fractions were incubated in the presence of glutathione S-transferase (GST)-S5a pro- tein coupled to agarose beads. The S5a column binds with high affinity to polyubiquitinated proteins. For these experiments, the fractions were treated with lysis buffer, not 4% SDS, to extract the nuclear material. After the S5a-agarose capture assay, the bound proteins were eluted with SDS-loading buffer, followed by Western blot with an anti-HIF-1␣ antibody. ub-HIF-1␣ was absent from the lysates of hypoxic cells (Fig. 3D , first three lanes of top panel). However, ub-HIF-1␣ was readily detectable in the total fraction (T) and the nuclear compartment (N), but not in the cytosolic fraction (C), of reoxygenated HeLa cells (Fig. 3D , last three lanes of top panel). Blots were also incubated with an anti-ubiquitin antibody, revealing the presence of captured polyubiquitinated proteins in hypoxic and normoxic cells, regardless of the subcellular localization (Fig.  3D, bottom panel) . Furthermore, lactate dehydrogenase (LDH), a soluble cytoplasmic protein, was detected solely in the cytosolic fraction, whereas the nuclear B23 protein was present only on the nuclear fraction (3) (Fig. 3E ). These results demonstrate that the lack of ub-HIF-1␣ in the "C" fraction is not due to the failure of the digitonin permeabilization method to release soluble cytosolic proteins. However, it could be argued that ub-HIF-␣ copurified with the nuclear fraction, although these molecules are located in a different subcellular compartment. To exclude this possibility, we decided to perform immunofluorescence on reoxygenated and digitonintreated cells. After treatment with digitonin, cells were fixed in 1% formaldehyde and then stained with an anti-HIF-1␣ antibody. We found a specific HIF-1␣ signal exclusively in the nuclear compartment of digitonin-treated cells ( Fig. 3Fa and  b) . This signal was lost if cells were treated with the lysis buffer after treatment with digitonin and prior to fixation, indicating that the vast majority of HIF-␣ can be extracted by our method ( Fig. 3Fc and d ). These results demonstrate that ub-HIF-␣ molesules found in the nuclear fraction, after biochemical fractionation, are indeed localized to the nuclear compartment. ub-HIF-␣ molecules were detected solely in the nuclear fraction of reoxygenated HeLa cells treated for the last hour in hypoxia in the presence of the proteasome inhibitor, calpain inhibitor (Fig. 3G) . Polyubiquitinated forms of HIF-1␣ were detected exclusively in the nuclear compartment of normoxic HeLa cells (Fig. 3H) in the absence or presence of proteasome inhibitor (i.e., calpain inhibitor). Fractions were blotted with LDH, demonstrating the complete release of a cytosolic protein upon treatment with digitonin (Fig. 3H, bottom panel) . These results demonstrate that prompt ubiquitination of HIF-1␣ occurs in the nuclear compartment upon reoxygenation of hypoxic cells. They also suggest that ubiquitination of HIF-1␣ is most likely a nuclear event even in cells maintained in normoxia. Nuclear ubiquitination of HIF-␣ requires VHL and prolyl hydroxylase activity. We next verified whether nuclear ubiquitination of HIF-1␣ upon reoxygenation of hypoxic cells was mediated by VHL (VBC/Cul-2) or by another nuclear E3 ubiquitin-ligase complex. To test this, VHL Ϫ/Ϫ RCC and the same cells expressing reintroduced VHL [VHL(ϩ)] were used in the hypoxia-to-normoxia experiments. Western blot analysis revealed that VHL was required for the efficient degradation of HIF-2␣ upon reoxygenation of hypoxic cells (Fig. 4A) . GSTS5a bead capture assays were carried out on lysates of subcellular fractions of reoxygenated VHL Ϫ/Ϫ RCC and VHL(ϩ)
cells. We failed to detect ub-HIF-2␣ in reoxygenated VHL
Ϫ/Ϫ RCC cells (Fig. 4B, lanes 1 to 3) . However, we detected ub-HIF-2␣ in VHL(ϩ) cells, and these forms were restricted to the nuclear compartment (Fig. 4B , lanes 4 to 6), suggesting that nuclear ubiquitination of HIF-2␣ requires VHL. We also asked in which subcellular compartment VHL bound to HIF-1␣ to mediate its ubiquitination. Normoxic VHL(ϩ) cells were infected with a high MOI of adGFP-HIF-1␣ for 24 h, leading to the nuclear accumulation of the fusion protein as measured by straight Western blot (Fig. 4C , top panel, lanes 1 to 3 and also lane 7, which corresponds to the uninfected, negative control). We then carried out immunoprecipitation of VHL (Fig. 4C , second, third, and bottom panels). These immunoprecipitation experiments revealed the formation of VHL/adGFP-HIF-1␣ complexes in the total fraction (Fig. 4C , the second panel for adGFP-HIF-1␣ and the bottom panel for VHL, compare lane 1 with lane 7). The VHL immunoprecipitates were also blotted with an anti-ubiquitin antibody (Fig. 4C , third panel from the top) to detect the presence of VHL complexes containing ub-adGFP-HIF-1␣ (Fig. 4C , third panel, lane 1). The signal detected in lane 1 represents ubiquitinated adGFP-HIF-1␣ since no specific signal was detected by the use of the anti-ubiquitin antibody on the VHL immunoprecipitate of uninfected cells. VHL/ub-adGFP-HIF-1␣ complexes were detected in the nuclear (lane 2) but not in the cytosolic (lane 3) fractions. However, the amounts of immunoprecipitable VHL bound to ubiquitinated forms of adGFP-HIF-1␣ were lower in the nuclear fraction than in the total fraction. We reasoned that this was likely due to the low abundance of immunoprecipitable VHL in the nuclear compartment at steady state. Treatment of cells with calpain inhibitor I caused VHL-GFP to accumulate in the nuclear compartment (6; I. Groulx and S. Lee, unpublished observations) (see also Fig. 6 ), resulting in a marked increase in the nuclear pool of VHL at steady state (Fig. 4C , compare lanes 2 and 5 of the bottom panel). Immunoprecipitation of VHL in lysates of calpain inhibitor-treated cells revealed the presence of VHL/adGFP-HIF-1␣ complexes in the nuclear compartment with some detectable signal in the cytosolic compartment (Fig. 4C , lanes 4 to 6, second panel). However, VHL/ub-adGFP-HIF-1␣ were detected solely in the nuclear compartment and not in the cytosolic fraction (Fig. 4C , compare lanes 5 and 6 of the third panel). Together, these results demonstrate that VHL-mediated ubiquitination of HIF-␣ can occur in the nucleus, providing the first demonstration of a function for VHL in this subcellular compartment. It has recently been demonstrated that binding of VHL to HIF-␣ and subsequent ubiquitination required hydroxylation of specific proline residues found in the oxygen-dependent degradation domains of HIF-␣ (15, 32, 34, 47, 49, 67) . The HIF-specific prolyl hydroxylases belong to a family of highly conserved 2-oxoglutarate-dependent oxygenases and require 2-oxoglutarate and molecular oxygen as cofactors (7, 15) . Normoxic cells contained abundant HIF-␣ when treated with the cell-permeable DMOG, a 2-oxoglutarate analogue that inhibits HIF-specific prolyl hydroxylases. Since HIF-␣ is ubiquitinated in the nuclear compartment upon reoxygenation of hypoxic cells, we sought to determine whether this process could be abolished by treatment with DMOG or whether nuclear HIF-␣ incurred a different posttranslational modification that regulates its stability. DMOG-treated and untreated HeLa (Fig. 4E ). These results demonstrate that, upon reoxygenation of hypoxic cells, nuclear HIF-1␣ undergoes a posttranslational modification similar to that which occurs in normoxic cells, a step that most likely includes nuclear prolyl hydroxylation by family members of the 2-oxoglutarate-dependent oxygenases. HIF-1␣ of hypoxic cells is exported to the cytoplasm upon reoxygenation. The data presented thus far demonstrate that HIF-1␣ undergoes ubiquitination in the nucleus upon reoxygenation of hypoxic cells, a phenomenon that requires nuclear VHL and prolyl hydroxylase activity. The next step in our study was to investigate whether HIF-1␣ is exported to the cytoplasm upon reoxygenation of hypoxic cells, a step that might be required for its degradation. We asked this question since it has been reported that nuclear substrates, including p53, p27, Smad3, and Ahr, must undergo leptomycin B-sensitive nuclear export for efficient proteasome-mediated degradation. We reasoned that cytoplasmic accumulation of HIF-1␣ would be very transient and most likely difficult to detect due to its quick degradation and its very short half-life upon reoxygenation. HIF-1␣ localization is restricted to the nuclear compartment of hypoxic cells; therefore, any detectable cytoplasmic signal upon reoxygenation would be interpreted as nuclear export of HIF-1␣. CCD images of low magnification ( Fig. 5Aa and d for the corresponding Hoechst staining) of hypoxic HeLa cells immunostained with HIF-1␣ are presented to demonstrate that the vast majority of cells displayed strong nuclear signals with low cytoplasmic signals. A higher magnification of the stained cells is shown in Fig. 5Ag and j, and calculation of nuclear/cytoplasmic ratios can be found in Fig. 5B (see also Fig. 3A and Materials and Methods; see reference 43 for the quantification methodology). HIF-1␣ immunofluorescence analysis of reoxygenated cells revealed a detectable cytoplasmic HIF-1␣ signal after 2 to 3 min of reoxygenation (Fig. 5Ab , e, h, and k). We failed to detect any nuclear or cytoplasmic signal after 10 min of reoxygenation (Fig. 5Ac, f, i, and l) . Exposure times of panels a, b, and c are the same; therefore, the cytoplasmic signal detectable in b was not due to overexposure of the stained cells (panels g, h, and i were also exposed for the same length of time). The nuclear/cytoplasmic ratio of HIF-1␣, which is obtained independently of the exposure time, was reduced from ca. 11 in hypoxic cells to 3 in reoxygenated cells (Fig. 5B) , indicating a measurable transfer of HIF-1␣ from the nucleus to the cytoplasm. We did not detect cytoplasmic signal when the transfer of hypoxic cells to an oxygenated environment was performed at 4°C or when hypoxic cells were incubated in the presence of metabolic poisons, suggesting that cytoplasmic accumulation of HIF-1␣ is temperature sensitive and energy dependent (data not shown). Experiments conducted in the presence of cycloheximide (treatment of 10 min prior to reoxygenation) did not abolish cytoplasmic accumulation of HIF-1␣, indicating that the observed signal is not due to de novo protein synthesis (data not shown). These results suggest that nuclear HIF-1␣ can be exported to the cytoplasm upon reoxygenation of hypoxic HeLa cells.
Nuclear protein such as p27 Kip1 must undergo phosphorylation prior to nuclear export. We show in Fig. 4D and E that treatment with DMOG abolished ubiquitination and degradation of HIF-1␣ upon reoxygenation of hypoxic cells. We then sought to determine whether treatment with DMOG would also cause a reduction in the nuclear export of HIF-1␣. Hypoxic HeLa cells treated with DMOG displayed strong nuclear HIF-1␣ with a nuclear/cytoplasmic ratio slightly higher than untreated cells (Fig. 5Am and p and B) . HIF-1␣ remained essentially confined to the nuclear compartment upon reoxygenation of DMOG-treated HeLa cells, although we did observe a slight, but reproducible cytoplasmic signal (Fig. 5An  and q and B ; the exposure times for Fig. 5Ag to i and m to o are the same). These results suggest that nuclear prolyl hydroxylase activity is required not only for ubiquitination but also for efficient nuclear export of HIF-1␣ in reoxygenated cells.
Nuclear export of HIF-␣ requires VHL and occurs through an ActD/DRB-sensitive pathway. Since nuclear prolyl hydroxylase activity is required for efficient nuclear export of HIF-␣, we sought to determine whether VHL was also necessary for this process to occur. VHL Ϫ/Ϫ RCC and VHL(ϩ) cells were infected with adGFP-HIF-1␣ and incubated for 8 h in hypoxia. As shown in Fig. 6A , and in Fig. 2A , adGFP-HIF-1␣ localized strictly to the nuclear compartment under these conditions. After transfer to a normoxic environment, cytoplasmic accumulation of adGFP-HIF-1␣ could be detected only in cells expressing VHL (Fig. 6A ). We then verified whether different drugs could abolish the ability of adGFP-HIF-1␣ to export to the cytoplasm in reoxygenated cells. The use of leptomycin B, a drug that blocks CRM1-dependent nuclear export of proteins bearing a classical NES, did not affect the localization of VHL-GFP (Fig. 6C ) and did not abolish cytoplasmic accumulation of adGFP-HIF-1␣ (Fig. 6B) upon reoxygenation of hypoxic cells. In contrast, ActD, as well as DRB (data not shown), caused a marked increase of VHL-GFP in the nuclear compartment (Fig. 6C) as previously reported and also prevented cytoplasmic accumulation of adGFP-HIF-1␣ (Fig. 6B) . Interestingly, the proteasome inhibitor MG132 and calpain inhibitor (data not shown) caused an increase in nuclear VHL-GFP (Fig. 6C) and prevented the cytoplasmic accumulation of adGFP-HIF-1␣ (Fig. 6B) . DMOG abolished nuclear export of adGFP-HIF-1␣ (Fig. 6B ) but did not affect the localization of VHL-GFP (Fig. 6C) . We conclude from these experiments that the nuclear export of adGFP-HIF-1␣ requires VHL and occurs through an ActD-and proteasome inhibitor-sensitive pathway similar to that utilized by VHL.
Treatment with ActD causes an increase in the half-life of HIF-1␣ without affecting its ubiquitination. We show in Fig. 5 and 6 that a fraction of nuclear HIF-1␣ is exported to the cytoplasm upon reoxygenation of hypoxic cells. It is known that leptomycin B blocks nuclear export of p27 and p53, resulting in an increase in their respective half-lives. However, treatment with this drug had no effect on the shuttling properties of both VHL and adGFP-HIF-1␣ and did not increase the half-life of HIF-1␣ (2). Since ActD prevented efficient nuclear export of VHL and adGFP-HIF-1␣, we sought to determine whether treatment with this drug would have an effect on the nuclear ubiquitination and degradation of endogenous HIF-1␣. Reoxy- 3) and VHL(ϩ) (lanes 4 to 6) cells were incubated in hypoxia for 8 h prior to reoxygenation for 2 min. Cells were fractionated into total (T), nuclear (N), and cytosolic (C) compartments, followed by immunoprecipitation with agarose-GST-S5a beads. Captured polyubiquitinated proteins were analyzed by SDS-6% PAGE for ub-HIF-2␣ content with an anti-HIF-2␣ antibody. Lane 7 consists of a total normoxic fraction of VHL(ϩ) cells in which we failed to detect ub-HIF-2␣, most likely due to low abundance. (C) VHL/ub-adGFP-HIF-1␣ complexes can be found in the nuclear compartment of normoxic cells. Normoxic VHL-GFP-expressing stable cells were either infected (lanes 1 to 6) or not infected (lane 7) with adGFP-HIF-1␣ virus, and the cells were either not treated (lanes 1 to 3) or were treated (lanes 4 to 7) with a proteasome inhibitor (calpain inhibitor [CI]) for 2 h. Cells were fractionated into total (T), nuclear (N), and cytoplasmic (C) lysates, which were immunoprecipitated with agarose M2-beads to capture FLAG-tagged VHL-GFP. The top panel shows adGFP-HIF-1␣ input by straight Western analysis. The lower three panels consists of agarose M2-bead immunoprecipitations of VHL-GFP, followed by Western blotting with an anti-HIF-1␣ antibody to detect adGFP-HIF-1␣ (second panel from the top), an antiubiquitin antibody (third panel from the top), or with a M2 anti-FLAG antibody to detect VHL-GFP (bottom panel). Lane 7 is an immunoprecipitation of VHL-GFP from lysates of uninfected VHL-GFP cells. Note the lack of ubiquitin signal in this lane, demonstrating (Fig. 7A) . CCD images of lower magnification and equally exposed fields are shown in Fig. 7B . Nuclear HIF-1␣ signal was still detectable 10 min after reoxygenation in ActD-treated cells, whereas no signal could be observed in untreated cells (Fig. 7A) . Western blot revealed an increase of ca. four-to fivefold in the half-life of HIF-1␣ after reoxygenation of ActDtreated HeLa cells compared to untreated cells (Fig. 7C) . We sought to determine whether the increase in the half-life of HIF-1␣ was a consequence of a reduction in its nuclear ubiquitination. An S5a capture assay shown in Fig. 7D indicates that, at equal levels of HIF-1␣, ActD-treated cells were either as efficient or more efficient at ubiquitinating HIF-1␣ than were untreated cells upon a return to a normoxic environment. Furthermore, levels of VHL remained unchanged after ActD treatment (data not shown; see references 24 and 44). These results demonstrate that the increase in the half-life of HIF-1␣ in ActD-treated cells is not the consequence of a reduction of nuclear ubiquitination and suggest that blocking nuclear export of VHL results in less-efficient degradation of ub-HIF-1␣.
DISCUSSION
Model linking VBC/Cul-2 nuclear-cytoplasmic trafficking and oxygen-dependent ubiquitination and degradation of HIF-␣. It is becoming increasingly evident that the rapid degradation of nuclear proteins involves nuclear-cytoplasmic trafficking of the substrate protein, as well as of the components implicated in its ubiquitination and degradation. Recent reports have revealed that proteasome-mediated degradation of nuclear proteins, such as p27 Kip1 , p53, and Smad3, is intimately linked to their ability to export from the nucleus in a regulated, signal-dependent manner (9, 12, 18, 19, 41, 45, 51, 53, 56, 66) . The HIF-␣/VHL system provided an ideal system to investigate the role of subcellular trafficking of a nuclear substrate and of its specific E3 ubiquitin-ligase. We had previously reported that VHL, and the VBC/Cul-2 complex, shuttles between the nucleus and the cytoplasm in a manner that requires ongoing RNA polymerase II activity (24, 44) . We provide evidence here linking VBC/Cul-2 E3 ubiquitin-ligase shuttling to its ability to mediate oxygen-dependent ubiquitination and degradation of the nuclear substrate HIF-␣. Based on the data presented here and in other studies (6, 24, 44) , we propose the model shown in Fig. 8 linking VHL shuttling and oxygendependent ubiquitination and degradation of HIF-␣. We suggest that VBC/Cul-2 complexes engage in a constitutive "merry-go-round" between the nucleus and the cytoplasm that is unaffected by substrate concentration and oxygen tension. Substrate HIF-␣ is also efficiently imported to the nucleus regardless of VHL status and oxygen tension. Upon reoxygenation of hypoxic cells, nuclear HIF-␣ incurs a rapid posttranslational modification, rendering it competent to assemble with nuclear VHL. This is most likely the consequence of nuclear proxylation of the ODD domain (31, 33, 65) since treatment with DMOG prevented ubiquitination. Once assembled with VHL, HIF-␣ undergoes prompt Cullin-2-mediated ubiquitination in the nuclear compartment. ub-HIF-␣ is subsequently exported to the cytoplasm by the VBC/Cul-2 complex, utilizing a transcription-dependent, ActD-sensitive pathway, for 26S proteasome-mediated degradation. Treatment with DMOG also prevented cytoplasmic accumulation of HIF-␣, suggesting that nuclear prolyl hydroxylation of the ODD domain is the key posttranslational modification that is required for both ubiquitination and nuclear export. The model proposed in Fig. 8 presents in detail the mechanisms involved in the ubiquitination and degradation of HIF-␣ upon reoxygenation of hypoxic cells. Under these conditions, cells must efficiently ubiquitinate and degrade a substrate that was physiologically stabilized and strictly localized in the nuclear compartment. This is in contrast to what happens with cells maintained in a normoxic environment, where the cell substrate HIF-␣ is synthesized in the cytoplasmic compartment. In a recent elegant study, Berra et al. (2) demonstrated that a chimeric HIF-␣ molecule that is forced to localize in the cytoplasm can still undergo oxygendependent degradation. Our data do not preclude cytoplasmic ubiquitination of nascent HIF-␣ by VBC/Cul-2, even though we were unable to detect ub-HIF-␣ in the cytoplasm of cells maintained in normoxia. Perhaps HIF-␣ is very rapidly ubiquitinated and degraded in the cytoplasm of normoxic cells to the extent of rendering its detection essentially impossible. However, it remains to be shown that the cytoplasmic ubiquitination and degradation of the HIF-␣ chimera are VHL dependent and whether they represent physiologic mechanisms. Perhaps nuclear ubiquitination of HIF-1␣ and its subsequent nuclear export are required events for regulation of other HIF-1␣-dependent mechanisms not yet understood. We have shown here that VHL assembles with ub-adGFP-HIF-1␣ solely in the nuclear compartment and that endogenous ub-HIF-1␣ can only be detected in the nuclear compartment of normoxic cells. Both findings indicate that the ubiquitination and degradation mechanisms of HIF-␣ in normoxia are similar to those observed in reoxygenated cells. Therefore, we suggest that once synthesized in normoxic cells, at least a fraction of HIF-␣ is immediately imported into the nucleus and subjected to nuclear ubiquitination and subsequent nuclear export for cytoplasmic degradation. Regardless of the mechanisms that regulate HIF-␣ in normoxia, the data shown here support our model that, upon the reoxygenation of hypoxic cells, nuclearcytoplasmic shuttling of VHL plays a role in the ubiquitination and degradation of HIF-␣. It remains to be determined whether this model is valid for the ubiquitination and degrathat the ubiquitin signals in lanes 1 to 6 are from ub-adGFP-HIF-1␣. (D) The degradation of HIF-1␣ can be abolished by treatment with HIF-1␣-specific prolyl hydroxylase inhibitor DMOG. HeLa cells were incubated for 8 h in hypoxia prior to a return to a normoxic incubator for the indicated time. Cells were either treated with dimethyl sulfoxide alone (untreated) or treated with DMOG (1 mM) for 8 h. Cells were lysed in 4% SDS-PBS and analyzed by SDS-8% PAGE, followed by Western blotting with an anti-HIF-1␣ antibody. Note the absence of highermolecular-weight bands at 3 and 6 min in the DMOG-treated cells. (E) DMOG treatment abolishes ubiquitination of HIF-1␣ in reoxygenated cells. Hypoxic HeLa cells were transferred to an oxygenated incubator for 2 min prior to lysis and incubation with agarose S5a beads. The captured polyubiquitinated proteins were analyzed by SDS-6% PAGE, followed by Western blotting with an anti-HIF-1␣ antibody. Hypoxic HeLa cells were either not treated or treated with ActD (10 g/ml) for 2 h and then returned to an oxygenated environment for 2 min. Lysates were incubated with agarose S5a beads, and captured polyubiquitinated proteins were analyzed by SDS-6% PAGE, followed by Western blotting with an anti-HIF-1␣ antibody. The top panel shows a straight Western blot for HIF-1␣ content. The experiment was conducted to obtain similar HIF-1␣ levels in untreated and in ActD-treated cells.
FIG. 8.
Model linking VBC/Cul-2 nuclear-cytoplasmic trafficking and oxygen-dependent ubiquitination and degradation of HIF-␣. (A) In hypoxic conditions, HIF-␣ (pink) is stabilized and is immediately imported into the nucleus, where it binds to its partner HIF-␤ (purple) to form the HIF transcription factor that transactivates hypoxia-inducible genes such as vascular endothelial growth factor and glucose transporter-1. VBC/Cul-2 engages in a constitutive nuclear-cytoplasmic shuttle unaffected by oxygen tension or levels of substrate HIF-␣. (B) Upon a return to normoxia, HIF-␣ incurs a posttranslational modification in the nuclear compartment, which is most likely the hydroxylation of proline of the ODD domains since ubiquitination is preventable by treatment with DMOG. Nuclear HIF-␣ binds to VHL and undergoes Cullin-2-mediated ubiquitination (yellow) prior to being exported to the cytoplasm for 26S proteasomal degradation. Nuclear HIF-␣ embarks on the VBC/Cul-2 "merrygo-round" depending upon its ability to assemble with nuclear VHL. The proposed model is applicable for hypoxic cells that are returned to an oxygenated environment. As for cells maintained in normoxia, we cannot totally exclude cytoplasmic ubiquitination and degradation of HIF-␣. However, we prefer a model by which HIF-␣ in normoxia is rapidly imported for nuclear ubiquitination and reexported to the cytoplasm in a manner similar to that observed for reoxygenated cells.
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initely mediated by VHL since we failed to detect ub-HIF-2␣ in the nucleus of reoxygenated VHL Ϫ/Ϫ RCC cells. DMOG abolished the nuclear ubiquitination of HIF-1␣ upon reoxygenation, indicating that the oxygen-sensing regulatory system is present in the nuclear compartment. Obviously, we cannot totally exclude the possibility that nuclear HIF-␣ is exported to the cytoplasm, ubiquitinated, and subsequently reimported into the nucleus. We find that this is improbable, however, since we were able to detect nuclear ub-HIF-␣ within seconds of reoxygenation, which is most likely insufficient time for all of these events to occur. In addition, the treatment of hypoxic cells with ActD or proteasome inhibitors, which prevented the efficient nuclear export of HIF-1␣ and VHL, did not interfere with its ubiquitination. Therefore, we suggest that the nuclear import of the VBC/Cul-2 complex is required for the efficient ubiquitination of HIF-␣, thus providing the first evidence of a role for the VHL tumor suppressor protein in the nuclear compartment.
Transcription-dependent nuclear export of HIF-␣ is required for its degradation. We present evidence here that adGFP-HIF-1␣ and endogenous HIF-1␣ accumulated in the cytoplasmic compartment after reoxygenation of hypoxic cells. Cytoplasmic accumulation occurred a few minutes after reoxygenation, and this event is likely to be the consequence of the nuclear export of HIF-␣ and not of de novo protein synthesis. Furthermore, HIF-␣ is strictly localized in the nuclear compartment in hypoxia, and cytoplasmic accumulation is observed in a very rapid time course. However, we failed to detect ub-HIF-␣ in the cytosolic compartment of reoxygenated cells. We think that, once it is bound to VHL in the nuclear compartment, HIF-␣ undergoes prompt ubiquitination and nuclear export. There is the possibility that a fraction of HIF-␣ bound to VHL is exported to the cytoplasm in ubiquitinated forms that might be sufficient to access the proteasome for degradation but would fail to be recognized by the S5a affinity column. Interestingly, treatment with ActD not only blocked the nuclear export of HIF-1␣ and VHL but also increased HIF-1␣ half-life in reoxygenated cells, a finding consistent with data published by another group (1). These authors suggested that HIF-␣-regulated transcription was required for the prompt degradation of HIF-␣. Although this remains a possibility, we think that ActD treatment would be more likely to affect the ability of VHL to mediate nuclear export of HIF-␣ in a manner reminiscent of how treatment with leptomycin B can increase the half-life of NES-containing proteins by abolishing their nuclear export. Importantly, ActD treatment did not significantly alter the nuclear ubiquitination of HIF-␣. Therefore, it is probable that ActD inhibits another step in HIF-␣ degradation, and we suggest that it does so by interfering with VHL-mediated nuclear export.
A puzzling observation that we have encountered is that endogenous HIF-1␣ and overexpressed adGFP-HIF-1␣ accumulated solely in the nucleus of cells treated with proteasome inhibitors. Indeed, ub-HIF-1␣ should accumulate in the cytoplasm of proteasome-blocked cells if degradation occurred in this compartment. It is suggested that proteasome inhibitors might act as general inhibitors of nuclear export (59) . We found that these drugs are able to block the nuclear export of VHL-GFP (Fig. 6 ) (6; Groulx and Lee, unpublished), as well as prevent cytoplasmic accumulation of ub-adGFP-HIF-1␣ upon reoxygenation. This might explain why we fail to detect cytoplasmic ub-HIF-1␣ in oxygenated cells treated with proteasome inhibitors.
Finally, we suggest that VHL plays a dual role in the ubiquitination and degradation of HIF-␣. The first role would be to bind to the ODD domain for Cullin-2-mediated ubiquitination, and the second role would be to export the ubiquitinated substrate to the cytoplasm for degradation. We have shown in a previous report that sensitivity to ActD or DRB is mediated by exon-2-encoded ␤-domain of VHL (6) . These sequences are able to direct ActD-dependent nuclear export of a reporter GFP molecule without assembly with HIF-␣ or Cullin-2 (44) . The challenge for the near future will be to identify proteins that assemble with the exon-2-encoded ␤-domain of VHL involved in directing nuclear export of VBC/Cul-2/ub-HIF-␣ complexes and test whether cancer-causing mutations can abrogate the subcellular trafficking properties of VHL.
